Breaching the conformational integrity of the catalytic triad of the serine protease plasmin: Localized disruption of a side chain of 
implies that His-603 directly influences the nucleophilic character of Ser-741. When imidazole was pretreated with a-Ntosyl-L-lysine chloromethyl ketone, the ability of this imidazole solution to restore amidolytic activity to MrhPm was eliminated, suggesting that Na-(p-tosyl)lysine chloromethyl ketone directs into the binding pocket a derivatized form of imidazole, which is ineffective as an His-603 substitute. These results indicate that the conformational reorientation of His-603 results in a malfunctional catalytic triad in the serine protease MrhPm, thus leading to an inactive enzyme despite the presence of all three essential amino acids of the catalytic triad. Addition of extamolecular imidazole restores a portion of the amidolytic activity of this mutant enzyme. These data also argue for an enzyme mechanism in which the active-center His-603 residue directly influences the nucleophilicity of the active-site Ser 741 residue.
Human plasminogen (hPg) is a single-chain, multiple disulfide-bonded plasma protein containing a known sequence of 791 amino acids (1) (2) (3) (4) and is the precursor of the serine protease plasmin (hPm). The activation of hPg to hPm occurs as a result ofa protease-catalyzed cleavage ofa single peptide bond, Arg-561-Val-562, an event mediated by enzymes termed plasminogen activators (5) . After activation, the resulting initial form of hPm contains a heavy chain, consisting of residues 1-561, the main functions of which involve regulation of hPm enzymatic activity, linked by two disulfide bonds (3) to a light chain, encompassing residues 562-791.
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This latter protein region is homologous to seine proteases such as trypsin and chymotrypsin and contains the catalytic triad of His-603, Asp-646, and Ser-741 (2) . In a special case, specific protease, amidase, and esterase activities can be induced in natural and recombinant hPgs when this zymogen exits in complex with another plasminogen activator, streptokinase (6, 7) . Here it is believed that a streptokinaseinduced conformational alteration of hPg occurs, generating the plasmin active site without peptide-bond cleavage. Although the major functions of hPm are centered around its ability to catalyze hydrolysis of peptide bonds required to liberate specific degradation products of fibrinogen and fibrin, hPm also possesses tryptic-like esterolytic and amidolytic activities.
While embarked on investigations using site-directed mutagenesis of hPg and hPm to reveal structure-function relationships of these proteins, we observed that mutations in the vicinity of the active-center His-603 produced functional consequences that might be relevant to the role of this histidine in the general properties of the catalytic triad of serine proteases. This communication briefly summarizes experiments concerning this topic.
MATERIALS AND METHODS
Proteins. Wild-type recombinant hPg (WTrhPg) and mutant recombinant hPg containing a Pro-611 -* Ile mutation r-hPg (MrhPg) were purified from the medium ofrecombinant baculovirus-infected Spodopterafrugiperda cells (IPLB-SF-21AE) by affinity chromatography on Sepharose-lysine, as described (8) (9) (10) . Low-molecular-weight urokinase (I-MrUk) was from Abbott; restriction endonucleases were purchased from Promega.
Site-Directed Mutagenesis of the cDNA for hPg. In vitro mutagenesis was conducted on the cDNA for hPg inserted into pUC119 (11), as we have described (9) . The mutagenic primer used was the following (the nucleotides presented in lowercase lettering being the mutagenic bases): 5 *To whom reprint requests should be addressed.
Proc. Natl. Acad. Sci. USA 90 (1993) 5375 transformants were screened by using an EcoRV/EcoRl endonuclease digest.
The bacterial and DNA methodology that we use, as well as our methods for preparing the recombinant baculovirus containing the heterologous cDNA and its expression in insect cells, have been described in detail (8) (9) (10) .
Amidolytic Assays. For hPm assays, in general, the desired hPg (0.4 ,uM-1.0 /LM, final concentration) and l-Mr-Uk (final concentration, 5 nM-10 nM) were incubated for 2 hr at room temperature. The buffer used was 50 mM Hepes-NaOH, pH 7.4, 25°C. These conditions were normally sufficient to completely convert single-chain hPg to two-chain hPm, but the progress of the activation was nonetheless followed by SDS/PAGE and enzymatic assay. To the resulting solution of hPm, other reaction components were added, depending upon the experiment to be done-i.e., imidazole, Na-(ptosyl)lysine chloromethyl ketone (TLCK), and/or diisopropylphosphofluoridate (DFP). The hPm was assayed at 25°C after addition of the amide substrate S-2251 (D-Val-L-Leu-LLys-p-nitroanilide) (0.5 mM, final concentration). The progress of activation was monitored continually by p-nitroanilide release at 405 nm.
The exact assay conditions for each experiment are provided in the appropriate figure legends. Fig. 1 , amidolytic activity was present in these latter activation mixtures when imidazole was added to the activation buffer, and this activity increased with increased concentrations ofimidazole in the assay. A control experiment done in the presence of another nucleophile, glycinamide (200 mM), did not reactivate MrhPm, suggesting that the imidazole effect is specific.
RESULTS
We did not see significant differences in the l-Mr-Ukcatalyzed activation rates of the wild-type and variant hPgs as detected by SDS/PAGE analysis of the temporal progress of the activation of each protein under identical conditions. Nonetheless, to separate the effects of imidazole on the activation rates of MrhPg and on the enzymatic activity of the MrhPm generated, this latter molecule has been generated by complete activation of MrhPg with l-Mr-Uk. SDS/PAGE analysis (Fig. 1, Inset 1) showed that the resulting protein We next desired to evaluate the effects of the serine protease inhibitor DFP on MrhPm. Our data are illustrated in Fig. 3 and clearly show that DFP completely inhibits the amidolytic activity of MrhPm in the presence of imidazole. As expected, DFP inactivates WTrhPm in the presence and absence of imidazole (Fig. 3) . On the other hand, when DFP is added to MrhPm in the absence of imidazole, no reaction with Ser-741 of the protein can be demonstrated because imidazole can restore amidolytic activity to the DFPpretreated mutein.
Similar results were obtained when the inhibition of the same amidolytic activity by TLCK was investigated. Although pretreatment of MrhPm with TLCK did not prevent restoration by imidazole ofthe amidolytic activity ofMrhPm, pretreatment of imidazole buffer (1 M) with TLCK (2.5 mM) for 18 hr prevented this buffer mixture from generating amidolytic activity in MrhPm (Fig. 4) . We interpret this observation as TLCK directing into the active site a conjugated form of imidazole that does not now serve as a His-603 substitute. With WTrhPm, TLCK fully inhibits the amidolytic activity of the enzyme (Fig. 4) with or without imidazole buffer. However, pretreatment of imidazole buffer with TLCK in the same manner as above eliminates the ability of TLCK in this buffer mixture from inhibiting WTrhPm. This observation shows that WTrhPm, which is in its proper conformation in the location of His-603, cannot bind the TLCK-imidazole conjugate, perhaps due to steric hindrance. 
DISCUSSION
After its initial identification in chymotrypsin (12), the charge-relay system or the catalytic triad, consisting of an aspartate, histidine, and serine residue, has either been found or has been presumed present, in the catalytic apparatus of the family members of serine proteases. More recently, a similar mechanism has been shown to operate in the phospholipases (13) . In some instances-e.g., chymotrypsin and trypsin-the catalytic triad is preformed as it is found in the precursor of the enzyme. In contrast, the functional catalytic triad does not preexist in hPg, but its formation occurs concomitant with its activation to hPm (6) . Thus, the conformational changes in hPg triggered by l-Mr-Uk-catalyzed scission of its Arg-561-Val-562 peptide bond facilitate the formation of a functional catalytic triad by allowing proper alignment of its constituent His-603, Asp-646, and Ser-741 residues. The Pro-611 -* ile mutation appears to prevent such conformationally induced alignment of the amino acid side chains participating in the charge-relay system, most likely by exerting an effect on the proximal His-603, and this mutation leads to a virtually inactive plasmin. That alteration of a proline in the vicinity of His-603 would likely lead to localized conformational alterations is not surprising, given the importance of proline in stabilizing various secondary structures. This, then, is an example of a mutation resulting in a misalignment of a catalytic triad residue that results in an inactive enzyme, despite the presence of all three residues in unmodified forms. This finding supports an earlier proposal, from chemical-modification studies, that incorrect orienta-tion of the active-site histidine causes a large reduction of the kcat for trypsin (14) . A similar proposal may account for the lack of hPm activity obtained with a natural mutant found in a patient with a defective fibrinolytic response, where an Ala-601 -* Thr substitution had occurred (15 was donated by a histidine placed in the Pro-2 position of the substrate (17) , and other investigations in which externally added ligands were shown to partially replace functionally important residues in aspartate aminotransferase (18) and rhodopsin (19) . However, in both cases, the functional residues were mutated out of the protein, and their functions were partially restored by external ligands. In MrhPm, we have retained the functional amino acids but have disrupted the proper orientation of the active-site residues by a mutation proximal to His-603, which most likely results in a localized conformational alteration.
It was of great interest to discover that DFP treatment of MrhPm in the presence of imidazole completely inhibited amidolytic activity similar to that found for WTrhPm. However, when DFP was preincubated with MrhPm in the absence of imidazole, this inhibitor did not prevent restoration of the enzymatic activity of this mutein after imidazole addition (Fig. 3) . This result shows that DFP does not covalently modify Ser-741 under these conditions. It is thus directly demonstrated that His-603 influences the nucleophilicity of and that localized disruption of the spatial relationships between these residues decreases the nucleophilic character of the active-site serine residue. Proper positioning of externally added imidazole enhances the nucleophilicity of Ser-741, thereby allowing it to interact with DFP. Further, it is shown that covalent attachment of the histidyl side chain to the protein is not necessary for this effect. Although these observations do not distinguish between charge stabilization and double-proton-transfer mechanisms (20) , they do establish the important role of the proper spatial relationships of the histidine and serine residues of the catalytic triad in directly influencing the nucleophilic character of this same serine.
Similarly, we find that when imidazole is pretreated with TLCK, this same imidazole solution does not restore catalytic activity to MrhPm (Fig. 4) . Here, we believe that TLCK has specifically directed a premodified imidazole into the binding pocket of this mutant enzyme, which does not function as a His-603 substitute. This result demonstrates that, just as modification of the His-603 side chain with TLCK inhibits the activity of WTrhPm, similar modification of imidazole in the active center of MrhPm also inhibits its catalytic activity. Furthermore, it should be considered that imidazole may play a dual role in the catalytic mechanism of MrhPm. In this regard, the participation of imidazole in the charge-relay system may enhance the nucleophilic character of Ser-741 through noncovalent contacts, a step essential for formation of the acyl enzyme, and/or imidazole may function as an acceptor nucleophile in deacylation of the acyl-enzyme intermediate. Thus, imidazole, especially at high concentration, could effectively compete with H20 in the deacylation step. This latter process would result in formation of an acylimidazole species, which itself could serve as a substrate for the enzyme.
In conclusion, we have shown that localized disruption of the spatial relationships between His-603 and the Asp-646/ Ser-741 diad inactivates the serine protease hPm. A significant level of activity can be restored by adding imidazole, which can partially replace in the catalytic triad. We also directly demonstrate that proper orientation of the histidine of the triad strongly influences the nucleophilicity of the active-center serine residue.
